The velocity and attenuation of compressional-(Qp I , V, , respectively) and shear waves (QS' , V, , respectively), determined with the Pulse Transmission technique at a frequency of about 100 kHz, are compared with the grain size, shape, porosity, density, and static frame compressibility of dry and water-saturated sands. Except for V,, all the quantities VP, Qp' and QS' are dependent on grain size and are higher in coarser grains than in finer grains. Qs' decreases significantly with increasing differential pressure in coarse-grained sediments, but the same sediments show an anomalous increase with differential pressure in Q,L' at low pressures. We have also modeled the VP, VS, QP' , and Qi' of these samples to understand the mechanisms governing the observed changes. The Contact Radius model with surface force effects predicts both V, and V, to be dependent on grain size. Frictional losses in unconsolidated coarsegrained sands must also be considered at small strains (lo-' ).
INTRODUCTION
Seismic surveys combining both P-and S-wave information yield more reliable predictions of possible physical parameters. Knowledge about attenuation of P-(Qp' ) and S-(Q, ' ) waves can help to solve any ambiguity in data interpretation due to overlapping of seismic velocity range of P-(V,) and S-(V,) waves for different materials. It is normally accepted that velocities and quality factors increase with pressure. A change in lithology from air-filled to fluid-filled pores leads to a jump in V,, Vs remaining rather LIST OF SYMBOLS Q quality factor V velocity R grain size 6 initial contact radius a deformed contact radius Y normal force r* effective normal force DN normal stiffness DT tangential stiffness 5 surface energy 6 displacement due to Y* K coordination number 4 porosity pQ grain density pf pore fluid density q pore fluid viscosity 1, grain poisson' s ratio unaffected. Small amounts of clay in a sediment result in velocity decreases (Han et al., 1986) . Attenuation is very sensitive to the presence of volatiles. With only 1 to 2 percent volatiles, both QP and VP decrease significantly. S-waves remain unaffected by the presence of volatiles (Clark, 1980; Murphy, 1982 Murphy, , 1984 Muckelmann, 1985) . From in-situ measurements in marine sediments, Hamilton (1972) reports an increase in attenuation with decreasing grain size. Existing theoretical models of Biot (1956a, b) , Gassmann (1951) , and the Contact Radius Model (Duffy and Mindlin, 1957; Mindlin, 1949; Mindlin and Deresiewicz, 1953 ) however, do not suggest any grain size dependence of V and Q -' . Our main aim is to study the effects of grain size, shape, porosity, permeability, pore filling, and static frame compressibility on VP, Vs, Qp' , and QS' under laboratory conditions using samples covering a wide range of grain sizes.
For the measurements of V and Q, a 100 kHz pulse transmission apparatus was constructed at the Institute of Geophysics in Kiel (Muckelmann, 1985) . It allows P-and S-wave recordings along with simultaneous measurements of porosity, permeability, and density at different confining pressures. Here we report results of experiments on sand, samples varying from coarse sands to silt grain sizes. These results help us to establish the possibility of a correlation between seismic and geological parameters. We also compare our data with predictions of theoretical models for these samples. The Contact Radius Model (CRM) and the Friction Model (FM) approximate dry samples and the Biot model (BM) is examined for the saturated case.
EXPERIMENTAL PROCEDURE

Sample description
We have examined the grain size, shape, porosity, permeability, static frame compressibility and shear strength of round and angular sands and quartz powders used in the pulse transmission experiments.
All samples taken were very well sorted with less than 1 percent clay content. The uniformity coefficient (Figure l) , a measure of sediment sorting, was less than two. On an average, the porosity of all samples lay between 25 and 40 percent and the permeability was between 1 and 100 darcy. The grain shapes observed under microscope were round and angular. Both static frame compressibility and shear strength displayed grain size and shape dependence. The static frame compressibility from soil consolidation tests is lower in coarse-grained samples. It is also lower in samples with rounded grains. In uniaxial shear tests too, a difference in the angle of inner friction is seen between rounded, angular, and powdered samples. All samples show small values of cohesive strength, which could be due to the capillary action causing an apparent cohesion. A detailed description of the samples is given in Prasad (1988) .
Summarizing, we observe that coarser samples have higher permeability and density and lower static frame compressibility and porosity than finer ones. Angular grained samples have higher frame compressibility than similar rounded grained samples.
Seismic Experiments
The seismic experiments were carried out with a pulse transmission apparatus at a frequency of about 100 kHz. Aluminum probes were used to calibrate the transducer setup. In the noise-free data obtained in the laboratory, the two methods of attenuation calculation, rise time and spectrum division, were used, with aluminum as standard reference. The rise time results were calibrated with spectrum division for each configuration of sources and receivers (Muckelmann, 1985) .
The seismic experiments, conducted on dry and fully water-saturated samples, also reflect grain size dependence observed in the geo-technical properties. In the following, unless otherwise specified, "saturated" means water saturation. (1)
We use the equations of Digby (1981) tion is high for coarse grains and decreases rapidly with pressure. In finer grains attenuation is low and decreases only slightly with pressure. Also at E = lo-' coarse sands do show considerable losses. This bears a grave consequence for seismic studies especially near a seismic source, where such strains can occur, and must also be considered in planning seismic surveys.
Biot model (BM)
The frame moduli derived from the CRM are substituted in the BM to model the saturated case. BM describes wave propagation in a two phase system, a porous elastic frame and a viscous, incompressible pore fluid. The losses are ascribed to relative motion between the frame and its pore fluid. We use the complex frequency dependent viscosity correction factor F, suggested by Biot to model our high frequency experiments. Attention is devoted to the P-wave of the "first kind." The "second kind" of P-wave (Biot, 1956a (1982) , we see that unconsolidated sands are more sensitive to strain than sandstones which have negligible losses at strains < 10e6. Since, in seismic surveys, unconsolidated sediments are more likely to be found near the surface, i.e., near the source, the effects of higher strain must be considered. Finally the Biot model is tested for saturated sands using frame moduli calculated with the CRM and losses calculated with the FM. Although the predictions are similar to those measured, they are lower. This has also been reported by various authors, e.g., Bourbie et al. (1987) and Winkler (1985 Winkler ( , 1986 .
These considerations lead us to advocate the necessity of constructing a model of a sediment, which calculates the frame moduli along with frame losses. These complex moduli can be taken for predictions of the moduli in a saturated sample with due attention given to the various loss mechanisms due to differential movement between pore fluid and frame. Since grain size is seen to influence both velocity and attenuation, and the present models consider this effect only indirectly through porosity and permeability, we need a more direct and rigorous consideration of grain size effects.
CONCLUSIONS
The relationship between geological and seismic parameters observed in this study can be summarized as follows: CRM allows us to calculate frame parameters. With a combination of CRM and BM, we have reduced the unknown parameters in the BM. The addition of FM to CRM and BM incorporates friction losses also. Friction effects remain amplitude dependent, but they are effective at low strain values also in loose sands. This implies that in planning seismic surveys these nonlinear processes must be taken into consideration. They may predominate in unconsolidated sediments near the surface where the seismic source and receivers are located. In saturated sands, losses additional to those described by the Biot model must be considered.
